INTRODUCTION {#s1}
============

Environmental determinants are drivers of food- and waterborne diseases. They include climatic variables which have changed significantly as a result of global climate change and are projected to shift even more in the future ([@R48]; [@R108]). As a consequence, these shifts could alter the exposure pathways of food- and waterborne diseases ([@R11]; [@R33]). They exert their adverse health outcomes through indirect exposure routes, which are responsive to climatic conditions ([@R99]). Climatic conditions can influence the fate and transport of pathogens, as well as their viability, stability, and reproduction rates in the environment.

Elevated ambient temperatures augment the replication cycles of most food- and waterborne pathogens. Temperature measurements are among the best climatic data available to date, with an extensive monitoring network throughout the world. Global average temperatures in 2007 increased over preindustrial times by 1&deg;C, but this increase has been more pronounced in Europe, with a 1.2&deg;C rise. This is mainly due to Europe\'s large land mass, which warms faster than the oceans. This disproportionate increase in annual average temperatures in Europe is projected to reach 1.0--5.5&deg;C (using 1961--1990 as a baseline for 2080--2100 for high emission and medium emission scenarios; [@R18]). High-temperature extreme events, such as heat waves, doubled in average length in Western Europe between 1880 and 2005, whereas the frequency of hot days has almost tripled ([@R25]). Projections indicate that Europe will continue to experience an increase in the frequency, intensity, and duration of extreme high temperatures events ([@R97]).

The most important constituent of the hydrological cycle is precipitation, an important driver of many waterborne pathogens. Europe has experienced a general precipitation increase of 6--8% over the last century, but regional differences are significant, such as an increase in precipitation in the north versus a drying in the south. Precipitation is more difficult to model than temperature, and thus models differ considerably. For intermediate projections, Northern Europe is expected to experience a 5--20% increase, whereas Southern Europe is projected to experience a decrease of between 5 and 30%. In fact, droughts are projected to become longer lasting and more severe, particularly in drought-prone areas. Nonetheless, the intensity of extreme rain events has increased over the past 50 years even in areas that have experienced a decrease in precipitation, such as the Mediterranean. This is a trend that is projected to continue ([@R103]).

Projected climate changes such as these will directly affect the exposure pathways of food-and waterborne diseases, warranting particular attention by public health practitioners. Moreover, changes in these weather events might indirectly influence recreational activities, consumption habits, or adaptation behaviors.

To evaluate the impact of a changing climate on food- and waterborne diseases we took advantage of an electronic knowledge base established for this purpose (Semenza et al., 2011). Initially an ontology was constructed of the common vocabulary and terms used in peer-reviewed literature. An ontology can define and categorize, with different levels of formality, the meaning of terms and the relationships between them ([@R39]; [@R78]). Information was then extracted and synthesized from selected articles, organized and structured according to the predefined specifications of the ontology, and entered into an electronic knowledge base. Advanced data mining techniques were employed to systematically obtain detailed information about any aspect of climate change and food- and waterborne diseases. In contrast to traditional reviews, this approach searched, extracted, and evaluated data from the knowledge base. Such a methodical and thorough strategy can deliver comprehensive information stratified by geospatial or thematic aspects.

METHODS {#s2}
=======

The literature review made use of a climate change knowledge base of 1,642 short and concise sentences (key facts) extracted from 722 peer-reviewed articles (years 1998--2009) on climate change and food- and waterborne pathogens (Semenza et al., 2011). Key facts were tagged with predefined terms (275 terms from the terminology of the climate change ontology) that were organized according to thematic (pathogens, food, water, climate/environment, reservoirs) and spatial (continent, region, country) aspects and extensively networked, thereby generating 6,341 data points. The quality of the individual studies was rated based on the GRADE approach and is described in detail in Semenza et al. (2011). The qualitative climate change impact assessment described subsequently took into account the study design and the directness of causal inference and relied on high-quality papers to assess the impact of climate change on food- and waterborne diseases. Indirect evidence was not incorporated into the impact assessment. In contrast to traditional literature reviews, this electronic approach systematically mined the knowledge base (approximately 50,000 words for the 1,642 key facts), scrutinized the evidence (terms), and compiled the findings according to exposure pathways.

Semantic network maps were generated to visualize connections between these terms ([Figure 1](#F1){ref-type="fig"}; [@R42]; [@R112]). Epidemiological data ([Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}) were extracted from the European Center for Disease Prevention and Control (ECDC) Annual Epidemiological Report on Communicable Diseases in Europe ([@R29]).

![Semantic network maps of thematic attributes for *Cryptosporidium sp.* and *Listeria sp.* Climate change knowledgebase for food- and water-borne diseases, 1998--2009. **Note**: Maps to be read clockwise: thematic aspects are arranged concentrically and colour coded (food = yellow; water = blue; pathogens = pink; climate/environment = green). Cryptosporidium and Listeria pathogens on the bottom left of the circle are coloured blue and initiate connections with other terms, represented with red stings linking to red terms. Gray strings in the background represent the network of all connections not activated in this view. The list of 275 terms in the ontology has been reduced for this map to app. 140 terms due to space restrictions. The 4th level of the hierarchy was deleted for this map but the link was retained by moving it to its ancestor items at the third level (Color figure available online).](best42_857_f1){#F1}

![Annual notifications of campylobacteriosis, cryptosporidiosis, listeriosis, and salmonellosis in the EU and EEA/EFTA countries from 1995 to 2007. These data reflect incomplete reporting by member states. The 2007 data for campylobacteriosis were reported from 25 EU member states, plus Iceland, Lichtenstein, and Norway (Greece and Portugal did not report). Salmonellosis was reported by all EU countries plus Iceland, Liechtenstein and Norway. Cryptosporidiosis notifications are based on 10 of the 19 countries providing data (9 countries reported zero cases). Listeriosis was reported by 29 countries, with the exception of Portugal. Please note the different scales on the *y* axes in [Figure 4](#F4){ref-type="fig"}B (Color figure available online).](best42_857_f2){#F2}

![Seasonal distribution of campylobacteriosis, cryptosporidiosis, listeriosis, and salmonellosis in the EU and EEA/EFTA countries, in 2007. *Source*: Country reports. *Campylobacteriosis*: Austria, Belgium, Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany, Hungary, Ireland, Italy, Luxembourg, Malta, Netherlands, Poland, Slovakia, Slovenia, Spain, Sweden, United Kingdom, Iceland, and Norway. Latvia reported zero cases. *Cryptosporidiosis*: Belgium, Bulgaria, Finland, Germany, Ireland, Luxembourg, Malta, Slovenia, Spain, Sweden, United Kingdom. Cyprus, Czech Republic, Estonia, Finland, Hungary, Latvia, Lithuania, Poland, and Slovakia reported zero cases. *Listeriosis*: Austria, Belgium, Bulgaria, Cyprus, Denmark, Finland, France, Germany, Greece, Hungary, Ireland, Italy, Latvia, Luxembourg, Netherlands, Poland, Slovakia, Slovenia, Spain, Sweden, United Kingdom, and Norway. Malta and Iceland reported zero cases. *Salmonellosis*: Austria, Bulgaria, Cyprus, Czech Republic, Denmark, Estonia, Finland, Germany, Greece, Hungary, Ireland, Italy, Latvia, Luxembourg, Netherlands, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden, United Kingdom, Iceland, and Norway (Color figure available online).](best42_857_f3){#F3}

The absolute number of terms for food, water, reservoir, climate/environment, temperature, and precipitation were displayed on radar diagrams (star plot or spider charts), a graphical method of plotting multivariate data on a two-dimensional chart, on multiple axes (one per pathogen) originating from the same pole ([Figure 4](#F4){ref-type="fig"}). They visually illustrate the absolute number of terms and their relative importance to the other pathogens. Radar diagrams help to identify groups of pathogens by exposure pathway (e.g., precipitation) or potential outliers (*Cryptosporidium* sp.).

![Radar diagram of thematic aspects for food, water, climate/environment, reservoir, air temperature, water temperature, precipitation, and heavy rainfall event, by pathogen from the climate change knowledgebase for food- and waterborne diseases, 1998--2009. Axes (spokes) with different scales. A radar diagram is a graphical method of plotting multivariate data on a two-dimensional chart, on multiple axes originating from the same pole (Color figure available online).](best42_857_f4){#F4}

RESULTS {#s3}
=======

The thematic attributes and their interconnections were extracted from the knowledge base for the following pathogens: *Campylobacter* sp., *Cryptosporidium* sp., *Listeria* sp., Norovirus, *Salmonella* sp., and noncholera *Vibrio* sp. The connections were visualized using strings on semantic network maps (see [Figure 1](#F1){ref-type="fig"} and the Appendix). The links represent documented relationships between 275 terms from the ontology and the pathogens. The connectivity varies considerably by pathogen. For example, in the case of *Listeria* sp., the preponderance of connections is weighted toward food determinants, but for *Cryptosporidium* sp. water determinants are more significant. Furthermore, the semantic network maps exemplify the richness of data available for *Salmonella* sp. and illustrate the comparative scarcity of data for noncholera *Vibrio* sp. (Appendix). The maps also reveal discrepancies in network density between two well-established food-borne pathogens such as *Campylobacter* sp. and Norovirus.

The complex relationships between determinants and pathogens are summarized in [Table 1](#T1){ref-type="table"}. This does not evaluate the association, positive or negative, but presents an overview of the presence or absence of data to date. A positive (relative risk \> 1) or negative (relative risk \< 1) association between determinants and pathogens is symbolized by ⇔ lack of association (relative risk = 1) is indicated by ![](circle.jpg), and lack of data is represented by a question mark (?). The nature of these relationships is critically appraised and evaluated for each pathogen separately in the qualitative impact assessments described subsequently. For this impact assessment, peer-reviewed articles were graded by the experts. The reviews were grouped according to high, moderate, low, or very low data quality ([Table 2](#T2){ref-type="table"}). The majority of reviews of Norovirus articles (51%) and almost half of *Campylobacter* sp. reviews (47%) ranked the quality as high, in contrast to about a third of the reviews for *Salmonella* sp. (34%), *Cryptosporidium* sp. (30%), *Listeria* sp. (30%), and noncholera *Vibrio* sp. (28%). With regard to study design, between one quarter and one half were meta-analyses or reviews and only a small fraction represented randomized controlled trials ([Table 2](#T2){ref-type="table"}). The following review is based directly on the 1,642 key facts in the knowledge base, rather than on the articles from the literature search. Through electronic queries high-quality data were extracted from the key facts and organized according to exposure pathways.

###### 

Selected pathogens with environmental/climatic variables (and factors associated with climate) from the climate change knowledge base for food- and waterborne diseases, 1998--2009

  --
  --

###### 

Reviews of articles by predefined categories: data quality, study design and data source, causal inference from the climate change knowledge base for food- and waterborne diseases, 1998--2009

  Reviews                              Campylobacter   Salmonella   Listeria   Vibrio   Cryptosporidium   Norovirus
  ------------------------------------ --------------- ------------ ---------- -------- ----------------- -----------
  Data quality                                                                                            
    High                               81              65           17         16       27                48
    Moderate                           85              98           34         33       53                33
    Low                                2               7            3          6        7                 3
    Very low                           \_\_            1            \_\_       \_\_     \_\_              1
    Not classified                     4               20           2          3        3                 9
  Study design                                                                                            
    Meta-analyses                      19              8            2          3        11                15
    Review                             40              40           11         22       36                8
    Randomized controlled trial        2               1            \_\_       \_\_     2                 2
    Nonrandomized intervention study   \_\_            \_\_         \_\_       1        \_\_              \_\_
    Cohort study                       9               6            1          \_\_     1                 6
    Case-control study                 11              14           2          \_\_     3                 2
    Cross-sectional (survey)           3               2            1          \_\_     1                 4
    Ecological study                   13              10           1          10       2                 2
    Case study                         31              15           2          4        12                11
    Expert opinion                     \_\_            2            \_\_       1        \_\_              1
    In vivo experiment                 10              13           2          1        2                 3
    In vitro experiment                4               14           18         \_\_     3                 1
    Molecular evidence                 2               1            2          \_\_     2                 9
    Outbreak                           11              21           2          1        4                 6
    Data source                        \_\_            \_\_         \_\_       \_\_     \_\_              4
    Other                              15              24           10         15       7                 11
    Not classified                     2               20           2          \_\_     4                 9
  Casual inference                                                                                        
    Direct                             84              56           16         22       22                40
    Moderate                           57              58           10         19       39                31
    Indirect                           29              57           28         17       26                15
    Not classified                     2               20           2          \_\_     3                 8

*Note.* The numbers represent reviews conducted by independent reviewers and not the number of peer reviewed articles; categories may overlap (e.g., multiple pathogens per study).

Campylobacter {#s4}
-------------

### Epidemiology {#s5}

In humans, campylobacteriosis is caused by thermophilic *Campylobacter* sp., with *C. jejuni* being the most common species. Symptoms include watery, sometimes bloody diarrhea, abdominal pain, fever, headache, and nausea. In 2007, *Campylobacter* sp. was the most commonly reported gastrointestinal bacterial pathogen in humans in the European Union ([Figure 2A](#F2){ref-type="fig"}) and experienced a 14% increase compared with 2006 ([@R29]). The absolute number of 203,798 confirmed cases is probably a substantial underestimate of the true disease incidence in Europe, due to significant underreporting and also because there is considerable variation in monitoring, microbiological testing, and reporting procedures between EU member states.

### Seasonality {#s6}

Campylobacteriosis displays strong seasonality in Europe, with a peak between June and August, although transmission occurs in all seasons ([Figure 3](#F3){ref-type="fig"}). We found that 37 articles contained information on seasonality, 15 of which were rated as high quality and 22 of which were of moderate quality. We found that 23 publications directly addressed seasonality, whereas 10 articles linked seasonality and *Campylobacter* sp. indirectly.

An important aspect of seasonality is temperature. Within a temperature range of 8--20&deg;C, incremental increases in air temperature are associated with rises in the incidence of campylobacteriosis; the steepest increase in incidence in humans occurs at average temperatures between 8 and 13&deg;C, with a smaller increase at temperatures above 13&deg;C ([@R86]). Environmental measurements of *Campylobacter* in raw sewage display a seasonal pattern related to campylobacteriosis incidence, with a peak in occurrences in the summer ([@R51]).

### Temperature Determinants {#s7}

The radar diagram in [Figure 4](#F4){ref-type="fig"} plots the number of terms for specific environmental determinants for all sixpathogens investigated. It illustrates that air and water temperature determinants of *Campylobacter* sp. have been extensively studied. A total of 54 publications related to this topic are stored in the knowledge base.

Campylobacteriosis incidence was linked to mean temperatures, although the strength of association was not consistent in all studies ([@R8]; [@R34]; [@R58]). High ambient temperatures and relatively low humidity were associated with an incidence increase, but showed a time lag of 2--3 weeks ([@R58]; [@R86]). Other predictors of the variance in campylobacteriosis incidence included precipitation one month prior to water sampling, hours of sunlight (with a 5-week lag), and relative humidity (with a 5-week lag), which accounted for 44% of the variance ([@R86]; [@R111]). Environmental sampling of *Campylobacter* sp. from lakes, streams, and recreational water bodies indicated that recovery rates are higher in fall and winter, but lower in spring and summer ([@R16]; [@R83]). In contrast, Greek and Polish reports indicated that there is no significant relationship between *Campylobacter* sp. concentrations and surface water temperatures ([@R1]). Although *Campylobacter* sp. survived well at 4&deg;C in water/milk or in food, it was nevertheless very susceptible to environmental stresses such as drying, freezing, high temperatures, or UV exposure (Appendix I; [@R10]; [@R51]).

### Food Determinants {#s8}

The ontological knowledge base contains 102 terms linking *Campylobacter* sp. with food ([Figure 4](#F4){ref-type="fig"}). The principal reservoir of *Campylobacter* sp. is the alimentary tract of domesticated and wild animals, including poultry, cattle, pigs, and sheep. Thus, food such as meat, raw milk, and fresh vegetables can easily be contaminated and fecal-oral transmission can be the source of human outbreaks ([@R2]; [@R52]). Indeed, 70% of the *Campylobacter* outbreaks in England and Wales between 1995 and 1999 were transmitted through food ([@R36]). The recently increasing incidence of *Campylobacter enteritis* was strongly correlated with the increased consumption of chicken ([@R7]). Commercially raised poultry was almost always contaminated with *C. Jejuni* ([@R10]) and this transmission route may become more important in the future ([@R24]). An average temperature above 8&deg;C showed a large increase in the prevalence of *Campylobacter* in broiler flocks ([@R86]). Therefore, even a small increase in temperature as an effect of climate change may increase the risk of human infection if cooling throughout the food chain is not commensurately addressed. Rising temperatures could increase the risk of domestically acquired diseases, as temperatures facilitating the growth of *Campylobacter* sp. on food (\>30&deg;C) would be reached more often ([@R27]). A 1&deg;C rise in temperature has been found to correspond to a 5% increase in reported *Campylobacter* infections in England and a 4.5% increase in Canada, with a threshold temperature of 0&deg;C ([@R8]).

The successful adaptation to threats posed by climate change is possible, as shown by the decrease of food-borne disease in England and Wales between 1981 and 2006. This was achieved by reducing pathogen levels in major food groups and improving food hygiene domestically and institutionally ([@R65]).

### Water Determinants {#s9}

A total of 87 articles analyzed the association between water and *Campylobacter* sp. Exposure routes such as contaminated drinking or recreational water have been associated with campylobacteriosis. The knowledge base contains 188 entries that pertain to water ([Figure 4](#F4){ref-type="fig"}). Fifteen of the 415 terms for *Campylobacter* sp. refer specifically to precipitation, with 9 for extreme precipitation ([Figure 4](#F4){ref-type="fig"}). Outbreaks of campylobacteriosis are often triggered by heavy rain events, especially if these are preceded by periods of drought. During these extreme events, manure runoff or sewage overflow can contaminate watersheds, groundwater, or water treatment plants and distribution systems ([@R19]; [@R92]; [@R101]).

Precipitation in early spring can trigger campylobacteriosis outbreaks ([@R88]; [@R114]), which could in part explain the seasonal increase in sporadic cases during May, as illustrated in [Figure 3](#F3){ref-type="fig"}. *Campylobacter* sp. outbreaks occur more often in rural areas, where households often tend to be supplied by private water sources, which tend to be more susceptible to contamination during extreme weather events ([@R41]; [@R88]). In Sweden, a positive association was found between *Campylobacter* incidence and average pipeline length per person for populations not connected to public water supplies ([@R81]).

Behavioral factors, extended periods of sunshine, and higher air temperatures may also be responsible for the disease incidence. The peak in cases between June and August could be partly due to exposure from recreational water use in swimming pools during the main outdoor bathing season ([@R28]; [@R104])

With the predicted increase in heavy rainfall events, the risk of surface and groundwater contamination is expected to rise ([Figure 4](#F4){ref-type="fig"}). In 1997, contaminated water was estimated to be responsible for 0.2--0.5% of the *Campylobacter* infections in the Netherlands ([@R74]). Therefore, the requirement for water treatment plants to produce hygienically safe drinking water remains a high priority. This is supported by the finding that outbreaks linked to public water supplies have declined in England and Wales since 2000, whereas those linked to private water supplies increased in the same period ([@R104]). Climate change may increase the use of rainwater during times of drought in certain localities. If the harvesting of rainwater increases, *Campylobacter* sp. in untreated roof runoff water may contribute to an increased risk of animal and human disease ([@R85] [@R96]).

In summary, campylobacteriosis is the highest reported food- and waterborne disease in Europe and exhibits strong seasonality. The pathogen has been associated with a number of meteorological variables and specific weather events, which indicates that campylobacteriosis peaks may shift as a result of climate change in the future.

Salmonella {#s10}
----------

### Epidemiology {#s11}

Infections with *Salmonella* species other than *S. typhi* and *S. paratyphi* are designated as salmonellosis. Generally, clinical symptoms such as fever, diarrhea, abdominal pain, nausea, and vomiting may develop 12--36 hr (range = 6--72 hr) after ingestion. They tend to be self-limiting and persist from several hours to a few days. In 2007, a total of 155,566 salmonellosis cases were confirmed by all EU and European Environmental Agency (EEA)/European Free Trade Association (EFTA) countries, which translates into an overall notification rate of 34 per 100,000 individuals ([@R29]). There has been a continuous decline in salmonellosis cases over the last decade ([Figure 2A](#F2){ref-type="fig"}), probably due to improved food hygiene and other public health measures. However, the same reporting limitations as discussed for campylobacteriosis are applicable.

### Seasonality {#s12}

Salmonellosis in Europe is linked to seasonality, with a peak in late summer ([Figure 3](#F3){ref-type="fig"}). Climatic variables are important determinants since *Salmonella* sp. are susceptible to sunlight and drying out, but can proliferate faster at higher temperatures ([@R73]). Above a 6&deg;C threshold, the risk of *Salmonella* infection increased in several European countries ([@R110]). Several studies showed a clear tendency for salmonellosis to increase as the weather warms up and reaches peak temperatures in late summer ([@R9]; [@R34]; [@R59]).

### Temperature Determinants {#s13}

The effect of temperature on *Salmonella* is addressed in 27 articles. For *Salmonella* sp., the knowledge base reveals 56 terms relating to air temperature ([Figure 4](#F4){ref-type="fig"}). Ambient seasonal temperature increases are suspected drivers of 30% of reported salmonellosis cases. This trend became particularly apparent when a time lag was applied between average temperature and salmonellosis cases, although the time span of this lag varied among studies. For example, a positive association between the mean temperature of the previous month and the number of salmonellosis notifications in the present month was found ([@R9]), whereas other studies found the greatest effect of temperature between two days and up to five weeks before the onset of illness ([@R49]; [@R80]).

One time series analysis suggests that for every degree increase in weekly temperature above the threshold, the log relative risk of salmonellosis (threshold −10&deg;C) increased by 1.2% ([@R34]). Other studies indicate a rise in salmonellosis for each 1&deg;C increase in weekly temperature for ambient temperatures above about 5&deg;C by 5--10% up to 13.1% for *S. enteritidis*, whereas in the laboratory the rate of multiplication was directly related to temperature within a range of 7.5--37&deg;C ([@R7]; [@R59]).

### Food Determinants {#s14}

Salmonellosis is a common food-borne disease. Overall, the ontological knowledge base lists 188 terms relating to food and *Salmonella* sp. There is a correlation between *Salmonella* sp. shedding in animals and human salmonellosis in summer and early fall ([@R7]; [@R14]). A rather obvious cause is the multiplication of *Salmonella* sp. in food at warmer temperatures. A short time lag between a rise in temperature and an incidence increase indicated that inappropriate food preparation and storage before consumption were key factors. In contrast, longer term lags indicate contamination during the food production process ([@R65]).

### Water Determinants {#s15}

The ontological knowledge base contains 41 terms for water ([Figure 4](#F4){ref-type="fig"}). Seasonal detection frequencies for *Salmonella* sp. in water environments were related to monthly maximum precipitation in summer and fall following fecal contamination events ([@R20]; [@R71]). Floods caused by heavy rainfall events may disrupt water treatment and sewage systems and contribute to increased exposure to *Salmonella* sp. and other pathogens ([@R61]).

Another important climate factor was humidity, as this affects the growth and culturability of *Salmonella* sp ([@R68]; [@R102]). On the other hand, the need for increased irrigation with potentially contaminated water in dry months poses a risk for transmission of *Salmonella* sp., as studies on vegetables have shown ([@R84]).

In summary, temperature has a clear impact on salmonellosis and food poisoning notifications, representing improper food storage and handling at the time of eating ([Table 1](#T1){ref-type="table"}). Nevertheless, as [Figure 2A](#F2){ref-type="fig"} illustrates, salmonellosis has continued to decline throughout Europe over the last decade, in part due to control measures. Thus, apart from climatic factors, carefully designed health promotion and food safety policies should be able to mitigate the probable negative impacts on public health.

Cryptosporidium {#s16}
---------------

### Epidemiology {#s17}

Cryptosporidiosis in humans is caused by the protozoan parasites *Cryptosporidium parvum* and *C. hominis*. The disease is characterized by abdominal cramps, loss of appetite, nausea, vomiting, and watery diarrhea that spontaneously resolves over a couple of weeks in otherwise healthy patients. In 2007, 10 EU and EEA/EFTA countries reported a total of 6,253 confirmed cases, whereas nine countries reported zero cases ([Figure 2B](#F2){ref-type="fig"}; [@R29]). The overall notification rate was 2.4 cases per 100,000 individuals, with the caveat that there were differences in reporting between countries.

### Seasonality {#s18}

The knowledge base contained 19 articles linking *Cryptosporidium* sp. with seasonality. There is a pronounced seasonality in the data, with an early autumn peak and a smaller spring peak ([Figure 3](#F3){ref-type="fig"}; [@R47]; [@R104]). Disaggregation of data reveals different peaks in different countries. For example, Ireland reported an increase in spring and Spain reported a peak in summer ([@R100]). The seasonality of cryptosporidiosis has changed over the years within England and Wales; the spring peak has substantially decreased since 2001 and the autumn peak has increased. The reasons for this decrease are the improved drinking water regulations combined with significant investment in drinking water treatment. Improved water treatment such as the filtration of previously unfiltered water was a main factor in risk reduction ([@R66]; [@R100]; [@R105]).

The seasonality of sporadic cases may be explained by the seasonal contamination of surface waters in early spring. During the period from April to July, cryptosporidiosis is strongly associated with maximum river flow and a positive correlation between rainfall, the peak of the rainfall event, oocyst concentrations in river water and human diseases was documented ([@R56]). During the winter, less *Cryptosporidium* oocysts were detectable in surface waters ([@R45]). From August to November secondary *Cryptosporidium* infections (as opposed to the primary or index case who introduces the disease) are more common, implicating human sewage as the main cause of infection ([@R64]). Combined sewer overflow can lead to heavy contamination of the environment and water catchments, for example, through badly protected wells ([@R55]; [@R56]). Another explanation may be holiday travel and swimming pool use, but evidence for this hypothesis is lacking ([@R66]; [@R100]).

### Water Determinants {#s19}

*Cryptosporium* sp. is a waterborne disease. This is also reflected by the literature: the knowledge base contains 56 publications on *Cryptosporidium* sp. and water. There are 96 terms relating to water and 21 for precipitation, but only 12 terms for food ([Figure 4](#F4){ref-type="fig"}). Heavy rainfall (27 terms) has been associated with the contamination of water supplies and outbreaks of cryptosporidiosis ([@R60]; [@R61]). The concentration of *Cryptosporidium* oocysts in river water increased significantly during rainfall events ([@R56]; [@R94]). The effect of rainfall on parasite concentrations was due in part to surface runoff, together with the resuspension of river bottom and storm drain sediment ([@R6]). Outbreaks associated with surface water contamination linked to humans have been caused as a result of sewage discharge and runoff, which occurred during heavy rainfall events in the United States, United Kingdom, and Canada ([@R95]). Heavy precipitation can result in the persistence of oocysts in the water distribution system and the infiltration of drinking water reservoirs from springs and lakes ([@R17]). Outbreaks associated with contaminated groundwater were due to springs and wells, which were not properly protected from sewage and runoff or wells located adjacent to rivers and streams ([@R95]).

### Temperature Determinants {#s20}

Temperature is one of the most critical processes governing the viability of oocysts in the environment. The knowledge base lists eight publications relating to temperature effects. At temperatures between 1 and 15&deg;C *Cryptosporidium* oocysts could maintain high levels of infectivity for periods of at least 24 weeks ([@R54]) and in water the persistence of oocysts was not affected by temperatures \<30&deg;C ([@R79]). At above 37&deg;C oocysts were extremely susceptible; with temperatures \>40&deg;C, rapid inactivation occurred at rates greater than 3 logs per day for oocysts deposited in the feces of beef and dairy cattle ([@R54]). However, warmer temperatures may also have increased the survival of oocysts in areas prone to soil subsurface freezing or lake ice covers, resulting in substantial numbers remaining infective after the winter period, where previously they may have been inactivated ([@R54]). Once oocysts are excreted into the terrestrial environment and released from feces their survival is greatly limited due to desiccation. This may vary greatly, with increased rates of inactivation expected in more arid environments. Oocysts above the soil matrix may be extremely vulnerable to desiccation, whereas those within it may be protected ([@R54]).

### Climate/Environment Determinants {#s21}

The link between climatic determinants and *Cryptosporidium* sp. is a subject in which there has been considerable research undertaken. The knowledge base lists 93 key climatic and environmental facts for *Cryptosporidium* sp. ([Figure 4](#F4){ref-type="fig"}). Climatic factors, the incidence of infection in animal and human populations, as well as the excretion of oocysts in certain watersheds all influence the occurrence of cryptosporidiosis ([@R95]). Climatic factors likely to affect the transmission and survival of *Cryptosporidium* sp. are temperature and changes in precipitation. An increase in the frequency and intensity of extreme precipitation events could increase the risk of transmission of cryptosporidiosis, whereas higher winter precipitation is unlikely to have an impact on cases of cryptosporidiosis. *Cryptosporidium* oocysts are inactivated during the winter, as they are susceptible to freezing and thawing cycles; nevertheless, with less freezing, oocysts may increasingly survive through the winter ([@R54]).

In the future, more intense precipitation events may increase the saturation of soil profiles and mobilize infectious oocysts more often and in combination with urbanization and deforestation of the landscape, significantly increasing the risk that *Cryptosporidium* oocysts pose ([@R54]). Precipitation can flush pathogens into waterways and lead to more rapid stream velocities, which increases the risk of cryptosporidiosis epidemics ([@R17]). Another effect of precipitation changes could be an increase in the amount of river effluent reaching the sea, contaminating coastal areas. Finally, increased flooding could result in flooded sewage treatment plants and an increased risk of cryptosporidiosis outbreaks ([@R31]).

In summary, climatic variables are a major determinant in the transmission of *Cryptosporidium* sp. ([Table 1](#T1){ref-type="table"}). A large number of studies have examined the role of surface water, tap water, and heavy rainfall events in disease transmission. A rise in precipitation is predicted to lead to an increase in cryptosporidiosis, although the strength of the relationship varies by climate category ([@R50]; [@R95]).

Listeria {#s22}
--------

### Epidemiology {#s23}

Listeriosis in humans is caused by the bacterium *Listeria monocytogenes* and is characterized by meningitis and sepsis, 3--70 days (*M* = 3 weeks) after infection. In 2007, there were 1,635 reported cases across 29 European countries, the majority (56%) of which were reported in individuals over 65 years of age ([@R29]). Although the notification rate (0.35 per 100,000 individuals) is significantly lower than for the diseases discussed previously, the rate has been increasing over the years ([Figure 2B](#F2){ref-type="fig"}). Listeriosis seems to be increasing in industrialized countries worldwide ([@R13]).

### Seasonality {#s24}

The seasonal trend shown by the aggregated EU data is weak compared with the other pathogens ([Figure 3](#F3){ref-type="fig"}), but for France a seasonal effect with an increase in summer temperatures has been observed ([@R37]). As *Listeria* sp. are ubiquitous in the environment and grow in a wide temperature range, they are present year round and can be detected worldwide regardless of climatic zone. Thus, it is unlikely that changes in season will directly affect the occurrence of *Listeria* sp. in their habitat. However, indirect transmission pathways may be affected.

### Temperature Determinants {#s25}

*Listeria* sp. grow within a wide temperature range and only few publications were found linking this bacteria to climatic determinants. The database contains 7 climate-relevant publications, but no terms for air temperature or water temperature were found for *Listeria* sp.

### Food Determinants {#s26}

The knowledge base has 69 terms related to food and *L. monocytogenes*, compared with only 6 on water, and 10 on climate/environment ([Figure 4](#F4){ref-type="fig"}). There are 39 publications generating these 69 terms. Food products can become contaminated with *Listeria* sp. during processing and preparation, and then domestically acquired ([@R40]). For example, the potential for food contamination with *L. monocytogenes* could increase in the future. Breakdowns within the cooling chain during (extreme) warm-weather events may increase the risk of infection. For example, the storage of cold-smoked trout at 10&deg;C, instead of the recommended 0--3&deg;C, for 17 days resulted in multiplication and high numbers of *L. monocytogenes* being present in the product ([@R76]). Raw milk products, uncooked refrigerated processed meats, and ready-to-eat meat products have been reported as vehicles for the disease ([@R25]). Studies, particularly from Northern Europe, have shown ready-to-eat smoked and cold-salted fish products to be contaminated with *L. monocytogenes* ([@R76]; [@R93]).

In summary, this comprehensive analysis of climatic determinants for *Listeria* sp. revealed a lack of associations as well as a number of data gaps. No information was available about temperature thresholds, extreme precipitation events, or temperature limits. Data was also lacking on seasonality, floods, droughts, storms, irrigation, or recreational activities. Despite the lack of information, it is unlikely that climate change will directly impact the incidence of listeriosis in Europe, although it could lead to more cases through indirect pathways ([Table 1](#T1){ref-type="table"}).

Norovirus {#s27}
---------

### Epidemiology {#s28}

Noroviruses are single-stranded RNA viruses without an envelope, and belong to the Caliciviridae family. The viruses cause acute gastroenteritis in humans and account for about one third and one half of gastroenteritis in children and adults, respectively. Symptoms include projectile vomiting, watery nonbloody diarrhea with abdominal cramps, nausea, myalgia, malaise, and headaches, occasionally also with a low-grade fever. Norovirus is not a reportable disease in the EU and therefore only scattered data are available. Since 2003, the percentage of individual cases reported in Germany increased consistently, which was assumed to be a result of better diagnostics combined with a real increase in the number of cases ([@R57]).

### Seasonality {#s29}

The database contained 23 articles reflecting seasonality and Norovirus infections. In Germany, Norovirus infections occurred throughout the year, with a seasonal rise from October to March and a typical peak in November to January ([@R12]). The reasons for this seasonality are not yet clear, but it is assumed that low temperatures, low humidity, and low insulation enhance the survival of Norovirus. Additionally, people tend to spend more time indoors during the winter, and they also tend to have weaker immune systems during this season. In Lower Saxony, Germany, sporadic cases in 2005 occurred predominantly in the interseasonal phase (spring and summer; [@R12]). The seasonal winter peak of Europe and North America is not mirrored by a southern hemisphere winter/spring peak in Australia, as the peak occurs there in December ([@R70]). Thus, climate does not seem to be the main determinant, but rather a contributor alongside a number of other factors, such as industrial food production and global shipping/transport. However, there is a significant lack of information about the role of human factors influencing Norovirus infections.

### Food Determinants {#s30}

The knowledge base contained 26 articles referring to the association between food and Norovirus infections, corresponding to 61 terms ([Figure 4](#F4){ref-type="fig"}). The sources of food-borne Norovirus infections included meals with multiple ingredients (40.2%), produce (16.5%), seafood (13.0%), and baked goods (8.7%; [@R38]). Meat was also a potential route for indirect zoonotic transmission (e.g., raw pork; [@R72]). Animals often acquired the pathogens via contaminated fodder or water ([@R106]). Virus shedding by infected animals can last for two months ([@R109]). In principle, any food can become contaminated if handled by an infected person or if rinsed with contaminated water.

Globalization of the food chain has been linked to the increasing levels of food-borne Norovirus infections, exemplified by an outbreak in Sweden caused by raspberries from China ([@R44]; [@R46]). However, further research is needed regarding the transmission of Norovirus via contaminated food and especially the exposure of animals to the pathogen and their role as a reservoir.

### Water Determinants {#s31}

The knowledge base contained 35 articles linking Norovirus and water determinants. There are 55 terms on water and Norovirus in the knowledge base, but none on precipitation ([Figure 4](#F4){ref-type="fig"}). Waterborne Norovirus outbreaks are not common, but can be caused by contamination of drinking or recreational water ([@R15]; [@R82]). Cross-connections during the repair of public water pipelines or back-siphonage within household installations have also been documented ([@R75]; [@R107]). Outbreaks linked to private water supplies occurred more often and had a much higher overall incidence rate than outbreaks linked to public water supplies ([@R9]; [@R104]). Contaminated public water supplies caused higher attack rates since more people used these supplies ([@R46]). As documented in Finland, it was possible for Norovirus to survive for four months during periods of low temperatures and ice-covered surface waters; in this instance, an initially food-borne Norovirus strain caused a subsequent waterborne outbreak 70 km downstream ([@R63]).

Detection rates of Norovirus in surface water samples showed a winter peak, related to winter peaks in sewage and caused by the feces of infected humans. The sewage treatment plants' effluent concentrations of Norovirus are reduced at least 2-log in contrast to concentrations within raw sewage ([@R53]; [@R90]). Outbreaks that can be traced to swimming pools showed a seasonal peak in summer, as would be expected ([@R67]; [@R104]).

### Climatic Determinants {#s32}

Twenty-seven publications linking Norovirus and climatic determinants were reviewed. There were also food-borne outbreaks linked to climate and weather events, as shown in Paris in 2002, where heavy rainfall and floods resulted in wastewater overflow that contaminated shellfish farming sites ([@R26]). The occurrence of Norovirus in Mediterranean shellfish was also related to heavy rainfall events. Additionally, it was related to peaks in diarrhea incidence because the coastal water is sewage-contaminated ([@R77]). Among terrestrial animals acting as a potential reservoir, direct seasonal relationships of Norovirus contamination have not been proven, but the indirect effects of weather events on the quality of water consumed outside can be assumed ([@R113]). The predicted increase of heavy rainfall events under climate change scenarios could lead to an increase in Norovirus infections because floods are known to be linked to Norovirus outbreaks ([@R4]).

In summary, the link established between climatic variables and Norovirus is weak in part due to the relative paucity of published data ([Table 1](#T1){ref-type="table"}). For example, no data are published on temperature extremes or thresholds or on the after-effects of storms, droughts, or rain events.

Vibrio (Noncholera) {#s33}
-------------------

### Epidemiology {#s34}

The genus *Vibrio* (including *V. vulnificus* and *V. parahaemolyticus* as well as *V. cholerae* And *Vibrio* sp.) are motile, curved rods and inhabit estuarine waters, brackish waters, or coastal areas. Open wounds can be infected with *Vibrio* sp. if they come into contact with contaminated water. This may lead to necrotization and cause septicemia. Elevated mean temperatures can increase growth opportunities in fresh- and saltwater bodies. *Vibrio* sp. are indigenous to the Mediterranean, the Baltic, and the North Sea and can multiply in saline water, with increased growth rates at temperatures over 20&deg;C ([@R91]). Human *Vibrio* infections are not reportable by law in the EU.

### Seasonality {#s35}

The knowledge base contained five articles linking *Vibrio* sp. and seasonality. Strong seasonal fluctuations in concentrations of *Vibrio* sp. can be observed which correlate with a seasonal pattern of infections ([@R43]). High numbers of the bacteria can be observed during times of warm water temperatures and zooplankton blooms ([@R69]). Maximum concentrations were predominantly found in late summer and early autumn and demonstrate a direct link to salinity and water temperatures. Approximately 78% of all infections occur between May and October ([@R23]; [@R22]).

### Water Determinants {#s36}

The knowledge base contains 53 key water facts relating to noncholera *Vibrio* sp. ([Figure 4](#F4){ref-type="fig"}). *Vibrio* sp. spread with rising water temperatures and exploit prolonged periods of advantageous environmental conditions ([@R89]). The clear seasonal trend was related to water temperatures from 12 to 15&deg;C, up to an optimum of 26&deg;C ([@R91]). In Israel, infections were significantly correlated with high temperatures (*r* = .62, *p* \< .0001) during the preceding 25--30 days ([@R87]). It was also noted by [@R87] that in hot climates the minimum temperature was the most important factor contributing to the growth of *Vibrio* sp.

Around the Baltic Sea, notified *V. vulnificus* infections occurred during hot summer months and increased with water temperatures above 20&deg;C ([@R43]). During the hot summer of 1994, 11 infections with *V. vulnificus* occurred, compared witha baseline of 3--4 cases. Simultaneously, an increase in rainbow trout mortality caused by several bacteria was observed. The incidence of fish vibriosis was closely related to the water temperature in the aquaculture.

### Temperature Determinants {#s37}

There were only 12 terms for *Vibrio* sp. and air temperature, but 55 terms for water temperature. Information about the impact of air temperature was abstracted from 5 articles. The direct relationship between temperature and infections was noticed in 2006: during the summer, elevated ambient temperatures throughout the moderate climate regions of northwestern Europe resulted in elevated water temperatures. Three Swedish, two German, and 15 Danish patients developed infections following contact with warm bathing water in the Baltic and the North Sea ([@R3]; [@R5]; [@R35]). Bathing during unusually warm summer weather in Northern Europe poses a considerable risk to individuals with open wounds suffering from pre-existing chronic conditions or those who are immunocompromised.

In summary, there is evidence of a strong link between rising summer (water) temperatures, prolonged summer seasons, and noncholera *Vibrio* sp. infections, but the increase in the disease burden is expected to be modest due to low present incidence rates ([Table 1](#T1){ref-type="table"}). An increase in absolute infection numbers can be assumed for the future. The Baltic Sea in particular provides an environment in which only small changes of the actual conditions (e.g., temperature) result in increased *Vibrio* sp. populations.

CONCLUSION {#s38}
==========

This review describes the association between environmental determinants and food- and waterborne diseases. Specifically, individual weather events/measurements have been linked to these pathogens, rather than general climate change phenomena. The strength of data for specific climatic variables is apparent, but also the lack of explicit climate change examples. Thus, the unpredictable nature of climate change and its links to the spread of communicable diseases creates the need for knowledge mapping, which this climate change knowledge base attempts to provide. A tool kit was developed by the ECDC (2010b) to aid EU Member States to assess and manage changes in the risk of infectious diseases posed by climate change. This ECDC handbook provides decision algorithms to weigh the probability of an outbreak linked to climate change versus the severity of consequences to society (or risk groups). This knowledge base can support these decision-making processes.

In summary, a novel approach to cataloguing, quantifying, and assessing the present state of knowledge in the field of climate change and food-and waterborne diseases has been presented. This comprehensive analysis revealed a number of data gaps for selected pathogens and climatic determinants ([Table 1](#T1){ref-type="table"}). To attribute eventual changes in disease incidence to climate change, sophisticated surveillance systems and tools should be put in place to monitor the environmental precursors of pandemics. Relying on predictive models and monitoring for early warning can guide climate change adaptation and protect the health of the public.
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